Liver sinusoidal endothelial cells are a major endogenous source of Factor VIII (FVIII), lack of which causes the human congenital bleeding disorder hemophilia A. Despite extensive efforts, gene therapy using viral vectors has shown little success in clinical hemophilia trials. Here we achieved cell type-specific gene targeting using hyaluronan-and asialoorosomucoid-coated nanocapsules, generated using dispersion atomization, to direct genes to liver sinusoidal endothelial cells and hepatocytes, respectively. To highlight the therapeutic potential of this approach, we encapsulated Sleeping Beauty transposon expressing the B domain-deleted canine FVIII in cis with Sleeping Beauty transposase in hyaluronan nanocapsules and injected them intravenously into hemophilia A mice. The treated mice exhibited activated partial thromboplastin times that were comparable to those of wild-type mice at 5 and 50 weeks and substantially shorter than those of untreated controls at the same time points. Further, plasma FVIII activity in the treated hemophilia A mice was nearly identical to that in wild-type mice through 50 weeks, while untreated hemophilia A mice exhibited no detectable FVIII activity. Thus, Sleeping Beauty transposon targeted to liver sinusoidal endothelial cells provided long-term expression of FVIII, without apparent antibody formation, and improved the phenotype of hemophilia A mice.
Introduction
The delivery of genes to treat metabolic disease resulting from a defective or absent protein remains a significant challenge in medicine. Hemophilia A is an X-linked congenital bleeding disorder caused by deficiency of coagulation Factor VIII (FVIII), affecting approximately 1 in every 5,000-10,000 males worldwide. It has been a major focus of gene replacement strategies, using primarily virus-based vectors for in vivo gene delivery (1). However, due to the lack of success with viral vectors in clinical hemophilia trials (2, 3) and adverse events in other viral vector patient trials (4, 5), efforts have been revitalized to develop nonviral vectors and delivery systems for therapeutic use (6) .
While the hydrodynamic method for nonviral gene therapy to liver has been used effectively in recent years (7) , the practical nature of its clinical application remains a concern. Moreover, this hepatic delivery method is not cell type specific, delivering DNA to hepatocytes, Kupffer cells, and liver sinusoidal endothelial cells (LSECs) (8) . There is strong evidence to suggest that LSECs are the endogenous site of FVIII production within the liver (9, 10) ; and formation of neutralizing inhibitory Abs (inhibitors) to FVIII may, in part, be dependent on the cell type for transgene expression (11) (12) (13) .
Although significant advances have been made in developing nonviral episomal plasmid vectors that achieve long-term expression (14) , genomic insertion of transgenes has the potential for permanent expression. The resurrection of an ancient vertebrate transposon (Tn) system, Sleeping Beauty (SB) has provided a nonviral vector system allowing efficient insertion of transgenes into the host genome. It has been used successfully for both gene replacement (15) and gene discovery in mice (16) ; and integrates transgenes at a frequency comparable with that of viral vectors in both quiescent and replicating cells (17, 18) . The Tn inserts into a genomic TA dinucleotide using a cut-and-paste mechanism catalyzed by the obligate SB transposase, which can be supplied either as a 2-plasmid (trans) system or as a single plasmid in cis carrying the expression cassette for the transposase external to the inverted repeat/direct repeat-flanked (IR/DR-flanked) transgene (19, 20) .
In this study, we developed selective hepatic cell delivery systems using receptors that are unique to and highly expressed by hepatocytes or LSECs. We targeted the hepatocyte asialoglycoprotein receptor (ASGPr) using its natural ligand, asialoorosomucoid (ASOR) (21) , while LSECs were targeted using hyaluronan (HA), the endogenous ligand for the HA receptor for endocytosis (HARE) (22) . We developed an atomization method to prepare nanocapsules of less than 50 in diameter for delivery of plasmids ranging in size from 5.2 to 12.8 kb and coated with targeting ligand, e.g. ASOR or HA, and stabilized by a crystallization step to create a protective, shielding shell with a neutral charge and a nonordered surface. Cell-specific LSEC and hepatocyte targeting in vivo by HA and ASOR nanocapsules, respectively, was confirmed in mice by the use of reporter genes. We then targeted LSECs in adult knockout hemophilia A mice using HA-encapsulated cis SB transposon (SB-Tn) vectors containing the canine B domain-deleted FVIII (BΔcFVIII) gene (23) driven by the constitutive hybrid CMV enhancer:chicken β-actin (CAGGS) promoter (24) . Correction of the bleeding diathesis in the treated mice occurred as early as 1 week after treatment and was sustained for 50 weeks, with no detection of FVIII inhibitors. Our data suggest that in vivo delivery of cis SB-Tns to LSECs provides a clinically applicable method for promoting SB-mediated stable gene transfer and efficient expression of FVIII for potential use in gene therapy strategies for hemophilia A.
Results
Encapsulation of plasmids by dispersion atomization. The size of the particle used to deliver plasmid DNA in vivo may be critical for ensuring that uptake is receptor mediated and cell type specific (25) . Thus, we characterized the size of the HA-and ASOR-encapsulated plasmids by atomic force microscopy (AFM) and transmission electron microscopy (TEM). Representative micrographs (Figure 1 , B-E) from AFM showed that the particles were less than 50 nm in diameter (s50), even with the encapsulated 12.8-kb cis SB-Tn CAGGS-BΔcFVIII transgene (Tables 1 and 2 ). Moreover, the formulation process was robust, with only small variations observed in the size of the encapsulated cis SB-Tn CAGGS-BΔcFVIII with the same coating protein. The size was also assessed by TEM following negative staining of the encapsulated plasmids (Figure 1 , F and G), confirming that the diameter was less than 50 nm.
In addition to size, the overall net charge of the nanocapsules is important in reducing nonspecific attraction of serum proteins (26) and toxicity (27) and mediating receptor-specific uptake (28) in vivo. Therefore the overall net charge of the HA and ASOR plasmid nanoparticles was investigated using a Malvern Zetasizer 4 and found to be negative or neutral for the HA and ASOR targeted particles, irrespective of plasmid size (Table 1) . The different formulation batches of the ASOR and HA cis SB-Tn CAGGS-BΔcFVIII demonstrate that an overall negative-to-neutral charge was consistently achieved (Table 2) .
Finally, it is essential that any delivery system protect its DNA cargo from nucleases prior to cell and nuclear uptake. We investigated the ability of HA and ASOR nanocapsules to protect plasmids from DNase digestion in vitro. The results indicated that the ASOR-encapsulated plasmid SV40 early-β-galactosidase (pSV40:Ear-lacZ) ( Figure 1H , lane 5) and the plasmid SV40:albumin-β-galactosidase (pSV40:Alb-lacZ) HA ( Figure 1H , lane 6) were protected for more than 12 hours from DNase I digestion at 37°C. In contrast, equal amounts of nonencapsulated plasmids were completely degraded ( Figure 1H, lanes 3 and 4) .
In addition to nuclease protection, the efficiency of plasmid encapsulation is important in developing an efficient in vivo delivery system. Thus, mean encapsulation was determined using the Burton method for quantitation of encapsulated DNA. ASOR and HA gave similar encapsulation efficiencies of 87.0% ± 4.2% for the plasmids expressing Discoma sp. red fluorescent protein version 2 (DsRed2). The independent formulation runs of the cis SB-Tn CAGGS-BΔcFVIII plasmids indicated more than 90% encapsulation efficiency in all but a single batch using HA (Table 2) . Taken together, these data indicate that the formulation method was able to reproducibly encapsulate 89% ± 16% of the starting plasmid, irrespective of whether the coating protein was HA, ASOR, or an alternate. Cell-selective hepatic delivery of SB-Tns using ASOR or HA nanocapsules. It was critical to establish that ligand-targeted nanocapsules were able to provide cell-specific delivery to liver. Thus, we used a cis SB-Tn expressing the DsRed2 reporter under control of the CAGGS promoter using the rabbit β-globin 3′ untranslated region (UTR) and poly(A) signal (19, 24) . The plasmids were encapsulated using either HA or ASOR as targeting ligand and administered to mice via tail vein injection. The animals were sacrificed at 1 week and the liver and other organs excised and processed for immunohistochemistry (IHC) and Western blot analysis. Confocal fluorescent microscopy of liver from HA-or ASOR-treated or control animals was performed after IHC using anti-CD14 as a marker for LSECs (29) . The results indicated that when ASOR was used as targeting ligand (Figure 2A , top row), DsRed2 was expressed in hepatocytes and exhibited no apparent colocalization with CD14. In contrast, with HA cis DsRed2 SB-Tns, there was no detectable red fluorescence expression in hepatocytes ( Figure 2A , middle row) but substantial colocalization of DsRed2 and CD14 signals in LSECs. No red fluorescence was observed in control livers, while the endogenous CD14 distribution mirrored that of the treated animals ( Figure 2A , bottom row). No other organs (lung, kidney, spleen, heart, and gonads) from either the DsRed2 SB-Tn ASOR-or HA-treated mice gave DsRed2 fluorescence (data not shown). We investigated additional galactose-presenting ligands to the hepatocyte ASGPr, including N-acetylgalactosamine, asialo-galactotriantennary, and arabinogalactan. In contrast to the hepatocyte-specific targeting observed with the ASOR ligand, there was considerable nonspecific uptake of nanocapsules in other organ tissues, perhaps via alternate receptors (30) (data not shown).
Western blot analysis of total protein extracts was performed and confirmed the results from confocal microscopy. DsRed2 protein was readily detectable in livers of mice that had been treated with either the HA-or ASOR-encapsulated cis DsRed2 Tn plasmid, while none was detected in control livers ( Figure 2B ). In contrast, no DsRed2 protein was found in kidney, spleen, or lung from either the DsRed2 SB-Tn-treated or control mice ( Figure 2C ).
To validate cell-specific liver targeting, we used a hepatocyte-specific SV40 enhancer:albumin hybrid (SV40:Alb) promoter-or the constitutive SV40 enhancer:early (SV40:Ear) promoter-driven prokaryotic β-galactosidase gene (lacZ). The pSV40:Alb-lacZ encapsulated with HA or ASOR and the pSV40:Ear-lacZ targeted to hepatocytes with ASOR were administered to mice weighing approximately 20 g via tail vein injection. The animals were sacrificed after 1 week and the liver and other organs removed and processed for histology as well as DNA and RNA isolation. Prokaryotic lacZ expression in liver cryosections was determined by IHC using anti-β-gal Ab. The results indicated that the hepatocyte-specific SV40:Alb promoter restricted expression of lacZ to hepatocytes irrespective of the targeting ligand (Figure 3, A-D) . However, expression from both promoters was low relative to the strong CMV promoter routinely used for lacZ reporter studies, and some cross-reactivity of anti-β-gal Ab with control tissue was observed. Thus, we repeated the studies using pcDNA3.1, which expresses lacZ using the CMV enhancer/ promoter. It is fused in-frame with the Xpress protein tag, per- A z potential measured by DLS across a 20-V potential in 1 mM KCl at 2 μg/ml. Data are the mean ± SEM from at least 15 independent measurements of 3 independent manufacturing runs. B Particle diameter measured by AFM as average elliptical diameter after drying at 0.5 ng/ml. Data shown are the mean ± SEM from at least 25 independent measurements of each of the 3 independent manufacturing runs. C Total DNA measured using the Burton assay relative to the cis SB-Tn/CAGGS-BΔcFVIII plasmid. Data are the mean ± SEM from 3 duplicates from each lot. Encapsulation efficiency was determined as the percent plasmid encapsulated in the formulation of the s50 coated particles.
mitting visualization of the protein with Abs directed against the tag. Using this CMV-driven reporter, we observed high-level uniform expression at 1 week after injection in hepatocytes when the pcDNA3.1 was encapsulated with ASOR, while HA encapsulation led to uptake and expression in LSECs (Figure 3 , E-J). DNA isolated from the livers of treated and control animals was subjected to PCR analysis to confirm delivery of the HA-encapsulated pSV40:AlblacZ. The livers of mice treated with HA-encapsulated SV40:AlblacZ plasmid showed similar levels of the predicted 345-bp amplicon ( Figure 4A ). However, no β-gal was expressed when pSV40: Alb-lacZ was targeted to the LSECs ( Figure 4B , lane 1). In contrast, hepatocyte targeting with ASOR resulted in RT-PCR amplicons of the predicted size, irrespective of whether lacZ was expressed from the hepatocyte-specific or constitutive promoter (Figure 4B , lanes 2 and 3). No difference in expression or distribution of β-gal was observed between male and female mice (data not shown).
To establish the sensitivity of our lacZ detection via PCR, we performed serial dilutions of the plasmid and subjected them to amplification using the same primers and conditions for the liver DNA. The results indicated that 0.05 pg was reliably detected ( Figure  4C , lane 5), while 0.01 pg of plasmid template did not produce detectable amplicons ( Figure 4C, lane 6) . Quantitation of 4 independent dilution and amplification gels by densitometry gave a correlation coefficient for best fit of 0.998 ( Figure 4D ). Using this standard curve, we determined that amplicons derived from 3 independent liver DNA isolations in animals that received lacZ plasmids in either ASOR or HA nanocapsules delivered a mean of 0.1 ± 0.01 pg and 0.06 ± 0.01 pg per 0.5 μg of liver DNA to the hepatocytes and LSECs, respectively.
The DNA isolated from other organs was subjected to PCR using the same primers and reaction conditions as per Figure 4A . No PCR products of the predicted 345-bp size were amplified using 1.0 μg of DNA isolated from lung, kidney, spleen, or testis of treated mice ( Figure 4E ), even though the apoB control was readily detectable with the same DNA template. Using more sensitive RT-PCR, we examined both the weaker constitutively expressed pSV40:Ear-lacZ as well as the stronger CMV-lacZ carried by pcDNA3.1/His/lacZ and targeted to the hepatocytes with ASOR encapsulation. Representative results ( Figure 4F , left panel) from liver RT-PCR using 0.25 μg of RNA from mice treated with pcDNA 3.1/His/lacZ showed the readily detectable amplification product of the lacZ mRNA. In contrast, none of the other organ RNA isolates demonstrated detectable products of the predicted 345-bp lacZ using 1.0 μg of RNA as template.
We also investigated both short-and longer-term safety profiles of the HA and ASOR s50 nanocapsules. Acute toxicity was assessed in adult mice weighing approximately 20 g 72 hours after tail vein administration of 200 μg HA or ASOR encapsulated cis DsRed2 SB-Tn vectors. Standard blood chemistries (albumin, aspartate aminotransferase, alanine aminotransferase, urea nitrogen, total protein) and hemograms (wbc, rbc, hemoglobin, hematocrit, mean corpuscular volume, mean corpuscular hemoglobin, mean cell hemoglobin concentration, random distribution of rbc weight, platelet count) indicated no differences between treated and untreated groups (data not shown). Additional mice were sacrificed 3 months after receiving ASOR or HA nanocapsules containing pDrive-meIF4A1, and the liver and other organs (spleen, lung, kidney, heart) were excised and processed for paraffin embedding. The embedded organs were sectioned, stained with H&E, and examined. No differences were observed between the treated mice and age-matched controls for any of the organs (data not shown). Taken together, the data suggested that the ASOR-and HA-encapsulated plasmids were not associated with any apparent adverse effects.
Figure 2
Delivery of nanoencapsulated DsRed2 SB-Tns in vivo to either hepatocytes or LSECs. Eight-week-old mice were administered 100 μg of the encapsulated cis pT2/ DsRed2 Tns via tail vein injection and sacrificed 1 week after injection. Expression of DsRed2 targeted to hepatocytes with ASOR or to LSECs with HA was visualized by confocal microscopy. LSECs were identified by anti-CD14 Ab, a marker specific for the discontinuous endothelial cells in the liver, and a Cy5-labeled secondary Ab. The confocal micrographs (A) show Cy5-labeled LSECs (green) with DsRed2 fluorescence (red). The targeting ligand for the nanocapsules and the relevant protein are indicated at left and above, respectively. The merged images (right) of the DsRed2 and CD14 micrographs demonstrate colocalization (yellow) of fluorescence when HA was used as the targeting ligand. The inset in the top left panel shows SYTOX green-stained nuclei (green) of hepatocytes expressing DsRed2; original magnification, ×60. Scale bar, 50 μm. (B) Western blot analysis of 100 μg total liver protein extracts from control mice and mice treated with the ASOR or HA nanocapsules shown in A. The proteins were detected by ECL as described in Methods. The treatment group is indicated above the lanes. (C) Western blot analysis of 100 μg total protein extracts from kidney, spleen, and lung to determine nonspecific uptake of nanocapsules. The β-actin lanes for loading controls are shown below. Control, mice treated with HA nanocapsules not containing DsRed2-expressing SB-Tns; DsRed2, purified recombinant DsRed2 protein.
LSEC-targeted cis FVIII SB-Tns mediate long-term therapeutic expression
in knockout hemophilia A mice. We next determined whether selective delivery of nonviral SB-Tn vectors to LSECs via HA nanocapsules could correct the bleeding disorder in hemophilia A mice. A cis SBTn pT2/CAGGS-BΔcFVIII//IFSB10 promoter using the second version of the transposon (pT2) with the mouse eurkaryotic initiation factor 4A1 promoter (IF) driving SB transposase version 10 (SB10) was constructed to express the BΔcFVIII coding sequence (CDS) from the CAGGS promoter, with the rabbit β-globin 3′ UTR and poly(A) signal (Table 1 ). The SB vertebrate Tn system utilizes a "cutand-paste" mechanism to insert the transgene flanked by IR/DRs of the Tn into TA dinucleotide sites in the host genome. The transposition of the Tn from plasmid vector to host genome requires SB transposase, which was expressed from the eukaryotic initiation factor 4A1 promoter carrier on the same plasmid vector (Table 1 and Figure 5 ). We chose this model because in hemophilia A, endogenous expression of FVIII occurs primarily in LSECs. In addition, LSECs play a unique role in tolerance induction; thus, expression of the BΔcFVIII transgene in LSECs might decrease or eliminate inhibitor formation, which is a significant barrier to current gene therapy strategies.
After encapsulation using HA as the targeting ligand, 8-weekold male knockout hemophilia A mice were administered 25 μg of the s50-HA pT2/CAGGS-BΔcFVIII//IFSB10 nanocapsule via tail vein injection. One week later, the animals were bled and their activated partial thromboplastin times (aPTTs) determined. Mice treated with the pT2/CAGGS-BΔcFVIII//IFSB10 construct targeted to LSECs had aPTTs (26.9 ± 2.8 seconds) similar to those of wild-type controls (23.5 ± 1.3 seconds). In contrast, hemophilia A mice that received HA sugar capsules exhibited significantly (P < 0.001) prolonged aPTTs (47.0 ± 3.0 seconds) relative to the wild-type age-matched mice. The mice were bled at various times for the next 11 months and the plasma aPTTs repeated ( Figure  6A ). The cis BΔcFVIII SB-Tn-treated hemophilia A mice aPTTs remained steady and were not significantly different from wildtype values for the entire period; control knockout mice continued to exhibit significantly (P < 0.001) prolonged aPTTs.
To confirm the lower aPTTs in the treated mice, we used the Coamatic assay to measure FVIII activity via its participation as a cofactor with activated Factor IX (FIXa) in converting Factor X (FX) to the activated form (FXa). Using standard curves generated from pooled wild-type or hemophilia A knockout mouse plasma, we determined that hemophilia A mice injected with the HA-targeted BΔcFVIII FVIII SB-Tn showed activities that ranged from 87% to 135% of wild-type mouse values over the 11-month study period ( Figure 6B ). In contrast, no activation of FX was detectable using plasma from control untreated knockout mice or at any of the dilutions used to generate the standard curves. We used a tail clip assay to determine bleeding times (31) on a separate group (n = 8) of treated hemophilia A mice that showed FVIII activities ranging from 93% to 146% of wild-type levels (119.0% ± 18.5%). The amount of blood loss determined as free hemoglobin (0.23 ± 0.07,
Figure 3
Cell and promoter specificity of nanocapsule targeting in vivo. Eight-week-old male and female mice were administered 100 μg of the encapsulated plasmid targeted to liver using ASOR or HA via tail vein injection and sacrificed 1 week after injection. (A-D) β-gal expression in 6-μm liver cryosections was visualized by immunohistochemical staining using rabbit anti-β-gal and a mouse cocktail specific for microvessels (78) . The micrographs show the red color of the secondary anti-rabbit Qdot 565 conjugate in hepatocytes expressing β-gal using either the hepatocytespecific SV40:Alb promoter (B) or the constitutive SV40:Ear (C) delivered to hepatocytes via ASOR. In contrast, when LSECs were targeted by HA nanocapsules, no detectable expression of β-gal using the SV40:Alb promoter occurred (A). (D) Background staining observed in control liver from vehicle-injected mice. The green FITC-labeled microvessels are shown to provide a reference for β-gal expression. The targeting ligand and plasmid are indicated above and below the respective panels. (E-J) Expression of β-gal in animals receiving pcDNA3.1 delivered using ASOR (E and H), HA (F and I), or vehicle control (G and J) determined by IHC against the Xpress epitope tag. The positive Xpress signal (green) gives an obvious hepatocyte (E) and LSEC (F) expression pattern, while no staining is observed in the negative vehicle control (G). The merged panels below show the β-gal expression with the blue nuclei counterstain TO-PRO-3. The targeting ligand is indicated above and the Ab and nuclear stain on the right.
OD 575 nm) for the treated mice did not differ significantly from the control wild-type values (0.24 ± 0.08). However, untreated hemophilia A littermate mice released significantly more hemoglobin (0.57 ± 0.08, P < 0.001) than either the wild-type or treated hemophilia A animals. We also performed Bethesda assays with the remaining plasma samples, and no significant difference was noted between the knockout animals that received the BΔcFVIII SB-Tns and wild-type controls (data not shown).
Identification of SB-mediated genomic transposition sites of pT2/CAGGSBΔcFVIII. It was important to exclude the possibility that prolonged expression of the BΔcFVIII in LSECs was a result of episomal or randomly integrated SB-Tn vectors. Thus, we isolated DNA from the livers and verified the genotype of the knockout hemophilia A and wild-type mice by PCR ( Figure 7A ). SB10 CDS was determined by PCR using DNA isolated from livers 1 week after treatment with the cis DsRed2 SB-Tn; and from hemophilia A mice treated with pT2/CAGGS-BΔcFVIII//IFSB10. The results clearly demonstrated presence of the SB10 CDS in DNA isolated at 1 week ( Figure 7B ), while no detectable amplicons for SB10 were observed in livers at 50 weeks, suggesting that episomal or randomly integrated vectors were not responsible for the FVIII activity. The DNA sequence flanking the Tn IR/DRs was determined using inverted nested PCR and primer pairs derived from the Tn IR/DRs and internal Tn sequences ( Figure 7C ). The PCR products were analyzed by agarose gel electrophoresis and indicated that distinct amplicons were present with genomic DNA from the mice that received HA-encapsulated pT2/CAGGS-BΔcFVIII//IFSB10 ( Figure 7C , lower panels). In contrast, no products were produced with DNA from the untreated wild-type controls ( Figure 7C , lower panels). While the XhoI results indicated the presence of broad bands suggesting a preferred integration spot, these were actually a collection of many individual bands with heavy background amplification.
To determine the identity of the PCR products, the individual bands were excised from the gel, purified, and sequenced. Data from the PCR products revealed that pT2-CAGGS-BΔcFVIII// SB10 transfected cells exhibited the predicted SB-Tn insertional sequence consisting of the Tn IR/DR, duplicated TA, and flanking host genomic DNA (32) . Eleven flanking genomic DNA sequences recovered from the cis FVIII SB-Tn-treated knockout mice are shown ( Figure 7D ). Blast analysis against the mouse genome of these Tn insertion sites indicated that they were distributed over 9 chromosomes, 4 intronic and 7 in other regions not associated with identified genes. Of those inserted in intergenic regions, 3 were within 13 kb of a predicted transcribed region, while the others were more than 75 kb from any predicted loci. There was no significant similarity between the flanking genomic sequences immediately adjacent to the insertion sites, consistent with the apparent random nature of SB-mediated transposition (32, 33) .
Taken together, these data suggest that use of the novel s50 nm HA FVIII delivery system to LSECs resulted in sustained expression and activity of FVIII. SB-mediated genomic transposition of the CAGGS-BΔcFVIII Tn in LSECs was efficient enough to correct the bleeding diathesis in knockout hemophilia A mice.
Discussion
The potential for nonviral gene therapy has been hampered by a lack of adequate in vivo methods for targeted delivery and low efficiencies of gene transfer. As a result, viral vectors have been the predominant system for in vivo transgene delivery and use in human clinical hemophilia trials (34) . However, a number of concerns have emerged regarding their use, including antigenicity, mutagenicity, cost, and defined tropisms (35) . Nonviral vectors are emerging as viable alternatives, in the form of 50-to 300-nm diameter DNA complexes with lipids, cationic polymers, or both (36) . Unfortunately, critical parameters of size, tissue specificity, charge, and cytotoxicity of synthetic delivery systems in both in vitro and in vivo systems have been difficult to optimize and may contribute to the lack of efficient gene transfer (6, 37) . In addition, unmethylated cytosine-guanine dinucleotide (CpG) (38) , transgene structure, and protein product may also contribute to poor transduction efficiency and reduced persistence of gene expression (39) . Although proof-of-principle studies using hydrodynamic delivery have established the potential of SB-mediated insertion into the liver genome for long-term gene correction (40) , the delivery is nonselective. Thus, an efficient cell type-specific tar-
Figure 5
Schematic of FVIII SB-Tn. SB-Tn in cis showing the relative size and position of the 2 eukaryotic expression cassettes (left). IR/DRs (black arrows) flank the CAGGS promoter-driven (C) BΔcFVIII transgene that utilizes the SV40 poly(A) signal from the original BΔcFVIII vector. External to the Tn IR/DRs, the vector backbone carries the required SB10 transposase expressed from the eukaryotic initiation factor 4A1 promoter (eIF). After transfection, the obligate SB10 transposase (pink) is expressed and binds to the IR/DRs and excises the Tn from the plasmid vector. The transposase cuts and pastes the Tn into random genomic TA dinucleotide sites. I, intron; p(A), polyadenylation sequence.
Figure 6
Targeting of cis CAGGS-BΔcFVIII SB-Tns to LSECs and correction of the bleeding diathesis in knockout hemophilia A mice. (A) Mice treated with 25 μg of cis SB-Tn in HA s50 nanocapsules were bled 5, 12, 16, 19, and 50 weeks after injection and aPTTs determined in duplicate as described in Methods. Treated mice (n = 6) had aPTTs of 25.5 ± 3.1 seconds at 5 weeks and 28.8 ± 3.7 seconds at 50 weeks; these were not significantly different from those of age-matched wild-type (n = 3) aPTTs of 23.5 ± 1.3 seconds (5 weeks; light gray) and 27.9 ± 1.6 seconds (50 weeks, dark gray). In contrast, untreated mice (n = 3) had aPTTs ranging from 46.7 ± 3.5 to 65.7 ± 9.6 seconds. The data show the mean ± 1 SD. *P < 0.001 compared with untreated hemophilia A mice. Far-right dark gray bar, plasma from a separate group of untreated hemophilia A mice collected and assayed with the other 50-week samples. (B) Coamatic determination of FVIII activity in mice. FVIII activity in plasma samples was also determined using the Coamatic assay, which measures the conversion of FX to FXa mediated by FIXa and its cofactor FVIII. The graph shows the mean ± 1 SD of values obtained using the procedure outlined in Methods and wild-type mouse plasma as positive control. By 5 weeks after injection, the treated animals showed greater than 95% wild-type mouse plasma activity; and this increased to greater than 100% by 50 weeks. In contrast, the plasma from untreated hemophilia A mice exhibited no detectable activity. ANOVA analysis indicated no significant difference between the plasma from treated hemophilia A mice and that from wild-type animals.
geting system is desirable to fully investigate the potential of SB and other vertebrate Tn vector systems for hepatic gene therapy.
Using a novel dispersion atomization technique (41), we were able to overcome some of the significant barriers for in vivo delivery of plasmid-based nonviral vectors. A particle size of less than 50 nm is critical for hepatocyte-selective delivery to permit passage through the space of Disse and diminish uptake by Kupffer cells (25, 42) . The size is substantially smaller than that in other reported
Figure 7
PCR identification of DNA flanking the SB-Tn insertion sites. (A) DNA isolated from the livers of hemophilia A mice injected with HA pT2/CAGGSBΔcFVIII//IFSB10 nanocapsules and wild-type controls served as template using primer pairs specific for the FVIII hemophilia A knockout (top) or the wild-type allele (bottom). (B) Lack of SB10 CDS persistence in the HA-treated knockout mice. PCR amplification of the SB10 CDS was performed (19) using liver DNA isolated from the DsRed2 animals and treated hemophilia A mice. The size or identity of the predicted amplicons and selected bands of the DNA marker (M) are indicated. The time (after injection) that the livers were harvested is indicated above the gels. (C) Schematic of the inverted-nested PCR strategy used to identify DNA flanking the SB-Tn insertion site. The genomic DNA digested by NcoI or XhoI was subjected to self-ligation and the products used as template for the initial inverted PCR amplification with primer pairs RP1/LP1 and RNP1/FNP1 for XhoI-and NcoI-digested DNA, respectively. The second PCR amplification used the XhoI and NcoI initial reactions as template with internal nested primer pairs LP2/RP2 and RNP2/FNP2, respectively. The PCR products were analyzed by agarose gel electrophoresis and visualized by UV light after ethidium bromide staining. The size of the 3 heavy bands is shown to the left of the NcoI gel. (D) Identification of the insertion sites in hemophilia A mice treated with HA-encapsulated pT2/CAGGS-BΔcFVIII//IFSB10. The region of the ID/DR of the Tn and the requisite duplicated TA (gray) followed by 40 nt of genomic DNA flanking the identified insertion sites are indicated above the sequences. The chromosomal location established by BLAST analysis is shown at right, and the intronic insertion sites are marked with asterisks. The closest adjacent genes for the other insertions are listed, with the distance in kb from the Tn insertion indicated in parentheses if less than 100 kb.
targeted nanoparticle systems (42-44) and did not require any post-encapsulation modification such as polyethylene glycolyation (PEGylation). The s50 size was achieved over a broad range of plasmid sizes with encapsulation efficiencies approaching or exceeding 90%. However, it must be noted that low encapsulation efficiencies were occasionally observed for a particular formulation run, without a correlative change in the size or charge of the particle. This may have been due to degradation of the plasmid DNA or significant nicking of the plasmid backbone, as only supercoiled DNA is efficiently packaged using this method of formulation.
The overall charge of the particle may be critical to its targeting efficiency in vivo. It is well established that particles with a cationic charge interact with serum proteins, resulting in increased aggregation and rapid elimination via the reticuloendothelial system (45) . Particle charge also influences both its toxicity and receptor ligand interaction. The toxicity of polycation:DNA complexes is not fully understood but appears to be mediated not only through complement activation and cytokine release (46) , but also via mitochondrial apoptotic mechanisms (27) . Reduction of the overall positive charge significantly reduces toxicity of the complexes (45) . Thus, the z potential exhibited by the ASOR and HA nanoparticles is likely responsible for their excellent in vivo safety profile.
Anionic particles also show significantly enhanced receptorligand interaction relative to those that are positively charged (28) . Yet a fine balance must be achieved between size and overall charge that does not preclude access to or inhibit uptake by the receptor (43, 47). Thus, two major advantages of the ASOR and HA nanocapsules were their size and overall charge, both of which are conducive to receptor recognition and cell uptake. These characteristics, coupled with the ability of these nanocapsules to protect the encapsulated plasmids from nuclease activity for extended periods, fulfilled key requirements for effective nonviral plasmid delivery in vivo.
The unique in vivo targeting properties of ASOR and HA to hepatocytes and LSECs, respectively (48, 49) , allowed us to construct and target identical nanoparticles of encapsulated plasmids by modifying only the ligand moiety. In vivo uptake and cell-specific delivery to hepatocytes and LSECs was consistently observed irrespective of the plasmid cargo. Moreover, the striking lack of tissue biodistribution confirmed the high-level specificity of targeting to the HARE or ASGPr using their respective HA and ASOR ligands. This is in contrast to other ASGPr ligand-targeted hepatocyte delivery systems, in which significant uptake by other organs was also observed (30, 45, 50) . Although HA receptors are present in spleen and lymph nodes (22) , differences in receptor characteristics and a significantly greater avidity of LSEC HARE receptors may account for the efficient uptake of the s50 HA nanocapsules by liver (51) . Similarly, while receptors capable of recognizing the galactose moiety are present in other tissues (30, 45, 50) , the greater avidity of the ASGPr for it natural ligand ASOR versus galactose (by 3 orders of magnitude; ref. 52) , in addition to the large number of receptors on hepatocytes, may have accounted for the improved specificity of receptor uptake in vivo. However, it should be noted that some biodistribution of the plasmids may simply not have been detected by PCR, and thus we cannot entirely rule out off-target delivery. This is the first study to our knowledge in which LSECs were targeted to express FVIII transgene in a knockout mouse model of hemophilia A, confirming the results of an LSEC transplantation study that also reported correction of FVIII deficiency in this mouse model (53) . However, 2 previous SB-Tn gene therapy studies have described the replacement of FVIII in liver via hydrodynamic delivery (54) ; and lung endothelial cells using linear polyethylenimine (40) . Nevertheless, in targeting only the LSECs, we were able to treat adult immunocompetent hemophilia A mice effectively without apparent induction of inhibitor formation. In contrast, it was recently reported that hydrodynamic delivery of the CAGGS-B domain-deleted human FVIII (huFVIII) SB-Tn resulted in significant inhibitor formation (54) . In addition, FVIII inhibitory Abs have been detected in adult hemophilia A mice that were administered canine or human FVIII-expressing transgenes (55) . However, the mice used in this study came from the same colony as those reported previously (54) . Although the problem of inhibitor formation was overcome by neonatal tolerization of the mice with recombinant huFVIII protein, it continues to be a major obstacle in FVIII gene replacement strategies in animal models (34) , requiring additional approaches for tolerization (56, 57) . In fact, in a recent adeno-associated virus study, longterm persistent FVIII expression in adult dogs was achieved in the absence of inhibitor formation (58) . However, the levels of FVIII were not always in the therapeutic range.
Endothelial cells have been used as a target for FVIII gene replacement in both ex vivo (59, 60) and in vivo (40) approaches. However, inhibitor formation was problematic even when the SB-Tn was administered to neonates in order to promote tolerization (40) . Interestingly, inhibitor formation and immune clearance of the transplanted endothelial cells using an ex vivo strategy depended on the cell type and promoter (59, 60) . Circulating platelets expressing the human B domain-deleted FVIII from a platelet-specific promoter were able to correct the bleeding diathesis in hemophilia A knockout mice in the absence of inhibitor formation over an 11-month period (60) . In contrast, expression of a B domain FVIII CDS in blood outgrowth endothelial cells (BOECs) by the thrombomodulin regulatory element still required a tolerizing regimen in hemophilia A mice, and expression was limited to 27 weeks due to clearance of the transduced cells (59) . Interestingly, in mice that received the engineered platelets, plasma FVIII was undetectable, suggesting that the lack of secretion of the protein rather than the use of a tissue-specific promoter was responsible for absence of inhibitor formation. Thus, our data suggest that cell-specific targeting of an FVIII transgene to LSECs somehow promotes tolerization and/or prevents formation of inhibitory Abs in immunocompetent hemophilia A animals. As the LSECs play a unique role in tolerance induction, it is conceivable that production of an immunogenic protein by these cells promotes tolerization (61, 62) . In addition, it may be that the production/ processing/secretion of FVIII in LSECs does not trigger Ab formation, in part, because they are an endogenous site of production (9, 53, 63) . Most notably, it was reported that LSEC transplantation and engraftment of approximately 10%-20% of the hepatic LSEC population was enough to correct the bleeding phenotype in hemophilia A mice (64) . Finally, it was recently reported that induced pluripotent stem (iPS) cell-generated wild-type syngeneic endothelial cells engrafted in the liver sinusoids of hemophilia A mice and provided complete correction of the bleeding diathesis (65) . Taken together, these data suggest that LSECs are an appropriate target cell for successful correction of the FVIII deficiency by gene therapy or cell transplantation.
The ability to achieve persistent correction of aPTTs and normal levels of FVIII for almost 1 year in hemophilia A knockout animals is an important observation. However, any vector that inserts DNA into the host genome has the potential for insertional mutagenesis via gene disruption or activation of flanking chromosomal sequences. To date, the genomic SB-mediated insertion profile, although not entirely random for the TA dinucleotide, suggests that SB preferentially inserts into nontranscribed and intronic regions of the genome (33, 66, 67) . This may be related to its preference for TA-rich sequences (68, 69) and/or the preferential affinity of the transposase for heterochromatin (70) . While activation of adjacent flanking genomic sequences has not been described with SB-Tns, epigenetic modification in the form of hypomethylation of flanking sequences has been reported (71), although no untoward effects were noted (72, 73) . In addition, no adverse events resulting from SB-Tn insertional mutagenesis have been identified (15, 40) .
We have utilized LSEC-targeted delivery of SB-Tns to treat FVIIIdeficient knockout mice. A similar approach could be developed for delivery of transgenes solely to hepatocytes for treatment of such diseases as α 1 -antitrypsin deficiency, hemophilia B, ornithine transcarbamylase deficiency, and Crigler-Najjar syndrome type I. Other unique ligand-receptor interactions may uncover additional target cells for which the nanocapsules can deliver a variety of cargos, including overexpressing transgenes or small interfering RNAs. The combination of a novel cell-specific nanocapsule delivery system with the unique properties of SB-Tns provides the opportunity for using nonviral gene therapy as an effective treatment for hemophilia A as well as a number of other hepatic metabolic diseases. The ability to overexpress FVIII in the absence of inhibitory Abs provides an important step toward successful human clinical trials (2, 74).
Methods
Plasmids and SB-Tns. Plasmids were obtained from commercial vendors, or the constructs were generated using blunt-ended cloning following use of Klenow enzyme (New England BioLabs) according to the manufacturer's protocol. The reporter DsRed2 and SB10 CDS were excised from the Clontech DsRed2 and CMVSB10 vectors, respectively, as BamHI, and EcoRI fragments. The CAGGS-driven genes were generated by blunt-end cloning of the relevant CDS into the EcoRI cloning site of the CAGGS vector (24) . The mouse eukaryotic initiation factor 4A1 promoter-driven (IF-driven) SB10 and the pT2/IFSB10 were generated by blunt-end cloning of SB10 CDS into the NcoI/EcoRI-digested pDrive-meIF4A1 vector (InvivoGen). This was followed by ligation of the 1.8-kb PacI SB10 fragment from the IF promoter using the SV40 poly(A) region into the NarI site of the second version of the Tn (pT2) (75) . pT2/CAGGS-BΔcFVIII//IFSB10 was generated by blunt-end ligation of the 7.2-kb SalI-MluI transgene expression cassette containing the CAGGS promoter, CDS, and poly(A) signal from the CAGGS vector (24) into the NheI cloning site between the IR/DRs. The 6.8-kb pDrive-SV40-bAlb and 5.3-kb pDrive meIF4A1 (InvivoGen), the 5.2-kb pSVβ-gal (Promega), and 8.6-kb pcDNA3.1/His/lacZ (Invitrogen) were used without modification.
All DNA was prepared endotoxin-free using QIAGEN kits according to the recommended protocol. Prior to encapsulation, the plasmids were spun at 31,800 g at 4°C for 15 minutes and the DNA supernatant removed, leaving behind microfine particles from the purification columns. Aliquots of 250 μg of plasmid DNA at concentrations of 1-2 μg/μl were diluted with sterile Milli-Q water to a volume of 500 μl and applied to 100,000-MW Centricon filters (Millipore). The samples were spun until the volume was reduced to 150 μl. The washed DNA, at a concentration of 1.67 μg/μl, was retained and recovered for encapsulation.
Nanocapsule formulation. Desialylated human orosomucoid (ASOR) was prepared as previously described (21) . HA was purchased from Lifecore Biomedical, and all other reagents used were of the highest purity available. Briefly, 250 μg (1.67 μg/μl) of washed pT2/CAGGS-DsRed2//CMVSB10 DNA was first complexed with 37.6 μg of the branched form of 25-kDa polyethylenimine (PEI) (1 μg/μl) (Sigma-Aldrich) and dispersed into 150 μl sterile water using a water-insoluble surfactant system consisting of 7.5 μg of 2,4,7,9-tetramethyl-5-decyne-4,7-diol (50% v/v) in DMSO (SE-30; Air Products). After emulsification with a water-miscible solvent, DMSO, the suspension was inverted by dilution by the addition of 750 μl of sterile PBS, pH 7.2. The resultant hydrophobic micelles were coated by adsorption with 6.5 μg ASOR (1 μg/μl) dispersed into the solution prior to spray dispersion atomization (41) into a 25-ml LiCl salt solution (135 mM Li + , 9 mM Ca 2+ , 500 nM Bi 3+ , 50 nM Sr 2+ , 50 nM Mg 2+ ). After incubation at 4-6°C with rotation in the salt solution for 24-48 hours, the s50 nanocapsules were recovered by centrifugation at 20,000 g for 2 hours and resuspended in PBS containing 10% lactitol (w/v) at a concentration of 0.5 μg/μl for 0.2-μm filter sterilization prior to characterization.
The remaining nanocapsule formulations were prepared using the same method with the following modifications: the amount of 25-kDa PEI used for 250 μg of the remaining plasmids were pDrive-meIF4A1, 36.6 μg; pDriveSV40bAlb, 37.5 μg; pSV-β-gal, 36.6 μg; pcDNA 3.1, 37.6 μg; and cis pT2/ CAGGS-BΔcFVIII, 38.7 μg. For HA formulations, the ASOR was replaced with 6.5 μg HA (0.57 μg/μl) to coat the micelles, except for the pcDNA 3.1 and cis pT2/CAGGS-BΔcFVIII, which used 12.5 μg ASOR (1 μg/μl) or HA (0.57 μg/μl) per 250 μg plasmid. Control capsules were made using trehalose as the capsule cargo. For determination of formulation reproducibility, a minimum of 3 different manufacturing runs for each capsule coating were characterized using the cis pT2/CAGGS-BΔcFVIII as cargo.
Nanocapsule size and charge determination. The size of the nanocapsules was determined using a NanoScope II (Digital Instruments) multimode atomic force microscope in tapping mode with a J type scanner at 1-kHZ scan rate at ambient temperature. Digital AFM images were acquired from 1 ng/ml nanocapsule samples dried down on a mica sheet. Measurements of the average elliptical axis were determined from 25 capsules.
For TEM, 200 mesh formvar-coated grids were overlaid with 0.1% PEI (750 kDa) and allowed to dry. Nanocapsules (10 ng/ml) in 3.3% glutaraldehyde were applied to the PEI/formvar grids, incubated at room temperature for 10 minutes followed by 3 water washes, and stained for 1 minute in 0.5% phosphotungstic acid (w/v) aqueous solution. Micrographs of the negatively stained nanocapsules were acquired with a Philips CM 12 transmission electron microscope. Diameters were calculated as average values of elliptical axis.
Surface charge was measured on a Zetasizer 4 (Malvern) dynamic light scattering (DLS) device at 20 volts with a 2-second pause between measurements at a working concentration of 2 μg/ml in 1 mM KCl (76) .
Nuclease protection and efficiency of plasmid encapsulations. HA-encapsulated pSV-β-gal and pDrive-SV40-bAlb ASOR nanocapsules (4 μg each) and 4 μg of the unencapsulated plasmids were digested with RQ1 DNase (Promega) according to the manufacturer's protocol for 18 hours at 37°C. DNase digestion was terminated by adding EGTA and heating for 10 minutes at 65°C. Samples were diluted with an equal volume of buffer from the DNeasy isolation kit (QIAGEN); proteinase K (proK) was added to 3 mg/ml concentration and the samples incubated at 56°C for 36 hours with vigorous shaking. The samples were processed for DNA recovery using the protocol specified by the DNeasy kit. The DNA was analyzed on 0.7% agarose gels and visualized using ethidium bromide staining and UV light.
For encapsulation profiles of all but the cis pT2/CAGGS-BΔcFVIII, 2.5 μg aliquots of nanocapsule were released into a 500-μl volume of PBS, pH 7.2, containing 10% isobutanol (v/v). Aliquots were rocked at 37°C, and sequential 250 μl samples were collected. Samples were extracted with 1 volume of isobutanol and plasmid DNA recovered by overnight proK digestion at 56°C. Additional extraction and column chromatography (QIAGEN) of the aqueous DNA fraction was performed with the recycled eluate to improve final recovery. For the cis pT2/CAGGS-BΔcFVIII cargo, the capsules were first treated with Biobeads to remove the surfactant for 2 hours at 25°C. The capsules were then incubated for 6 hours in 1 M sodium hydroxide at 80°C, prior to neutralization and incubation in 0.1 M HCl for 24 hours. DNA concentrations were determined using a colorimetric microplate assay using Burton's diphenylamine method (77) . Three independent determinations were performed in duplicate.
In vivo delivery of HA and ASOR nanocapsules expressing DsRed2. All animal studies were approved by the Institutional Animal Use and Care Committee of the University of Minnesota. Adult male and female C57BL/6 mice (~20 g) were administered HA-or ASOR-coated s50 particles resuspended in PBS containing 10% lactitol (w/v) at a concentration of 0.5 μg/μl via tail vein injection, using a slow infusion rate. Adult C57BL/6 mice (n = 3/group) received 100 μg in a 200-μl volume of pT2/DsRed2// CMVSB10 in either HA or ASOR nanocapsules. The animals were sacrificed at 1 week and the liver and other organs removed for processing. Thin sections (6 μm) were cut and fixed for 10 minutes in -20°C acetone, followed by 3 PBS washes at 4°C. The LSECs were identified by IHC using anti-CD14 primary Ab, specific for the discontinuous liver endothelial cells (29) , and a Cy5-labeled secondary Ab. Additional cryosections of the ASOR nanocapsule-treated livers were processed for staining of hepatocyte nuclei using SYTOX green (Invitrogen). Images were acquired using a Bio-Rad MRC1000 Confocal Microscope. For Western blot analysis, 100 μg total protein/lane was separated by SDS 12% PAGE and electrophoretically transferred to nitrocellulose membranes. DsRed2 was detected by ECL, using SuperSignal West Dura Substrate (Pierce, Thermo Scientific) with polyclonal rabbit anti-DsRed Ab (632496; Clontech) and HRP-conjugated goat anti-rabbit secondary Ab (19) . Purified recombinant DsRed protein (0.4 μg, liver; or 0.08 μg, other tissues) (Clontech) was used as a positive control. The lane loading control, β-actin, was detected using the conditions previously described (67) .
For short-term (n = 10) toxicity studies, male and female mice (~20 g) were injected with 200 μg of ASOR-or HA-encapsulated pT2/DsRed2// IFSB10 in a volume of 400 μl via tail vein. Animals were sacrificed 72 hours later, blood collected, and standard chemistries and hemograms performed by the University of Minnesota-Fairview Hospital laboratory. For longerterm toxicity (n = 3/group), adult mice (~20 g) were administered 100 μg of ASOR or HA encapsulated pDrive-meIF4A1 and sacrificed 3 months later. Liver, lung, kidneys, heart, and spleen were removed and processed for paraffin embedding. Sections (4 μm) were cut, stained with H&E, and examined by light microscopy.
Tissue distribution in vivo of HA and ASOR. Mice (n = 3/group) received 100 μg of ASOR-targeted nanocapsules containing lacZ driven by the SV40: Alb, the SV40:Ear, or HA-targeted nanocapsules containing lacZ under the control of the hepatocyte-specific SV40:Alb promoter. One week after injection, liver, kidney, spleen, lung, heart, and testes were removed and DNA and RNA isolated from a section of each organ. Liver cryosections of 6 μm were also immunohistochemically stained using an anti-β-gal rabbit Ab (Fitzgerald) at a 1:50 dilution, followed by the secondary goat anti-rabbit Qdot 565 conjugate. The blood microvessel cocktail consisted of a 1:50 dilution each of rat anti-mouse CD31, CD34, and CD105 (78) . The bridging Ab was FITC-conjugated donkey anti-rat, followed by secondary Qdot 525-conjugated (Invitrogen) goat anti-FITC Ab. One week after injection with ASOR or HA nanocapsules containing pcDNA 3.1/His/lacZ, the animals were sacrificed and organs removed for processing. The Xpress epitope tag was detected in liver cryosections using anti-Xpress Ab (Invitrogen) at a 1:50 dilution, followed by secondary Abs FITC-conjugated donkey antimouse (1:200) and A488-conjugated goat anti-FITC (1:800). All primary Ab incubations were for 1 hour and secondary Ab incubations for 30 minutes. All secondary fluorescent conjugates were from Jackson ImmunoResearch Laboratories Inc. TO-PRO-3 (Invitrogen) nuclear counterstaining was performed according the manufacturer's recommended protocol. Confocal images were collected on a Nikon C1si microscope at 600 power.
DNA was isolated from livers, and 0.5 μg was used as template for PCR amplification of 345 bp of the prokaryotic β-gal CDS using primers 5′-TACTGTCGTCGTCCCCTCAA-3′ and 5′-ATAACTGCCGTACTCCAAC-3′. Reactions were performed using Expand High Fidelity polymerase (Roche), using deoxyribonucleotide triphosphates (dNTP) and enzyme concentrations recommended by the manufacturer. After 3 minutes denaturation at 95°C, the DNA was amplified for 35 cycles of 95°C for 45 seconds; 59°C for 20 seconds; 72°C for 45 seconds, with a final extension for 7 minutes at 72°C. For organs other than liver, the DNA template was increased to 1.0 μg. PCR for apoB and SB10 was performed as outlined in ref. 19 using 0.75 μg of DNA template. All amplifications were conducted in duplicate for each animal from 2 independent DNA isolations.
To determine the limits of DNA detection, 4 separate serial dilution sets from duplicates of 2 independent plasmid DNA isolations, ranging from 5 pg to 1 fg of cis pT2/CAGGS-ΔBcFVIII, were amplified under the same conditions as the animal DNA samples including 1.0 μg of genomic control DNA in each reaction. Aliquots of 15 μl representing one-third of the reaction mixture were subjected to agarose gel electrophoresis, staining with ethidium bromide, and visualization by UV light, with digital image captured by a Kodak Digital imaging station. Quantitation was performed in NIH image J version 1.38i (http://rsbweb.nih.gov/ij/) and the data analyzed using KaleidaGraph version 3.6.4 (Synergy Software). Normalization between gels was accomplished by loading an identical amount of the NEB ladder on all gels and using the density of the 500-and 400-bp markers as internal standards.
Liver or other organ total RNA (2.0 μg) isolated by TRIzol (Invitrogen) was digested using RQ1 DNase (Promega) to eliminate any remaining episomal DNA vectors. After 30 minutes at 37°C, the DNase was inactivated by incubation of the reactions at 65°C for 15 minutes, followed by reextraction using TRIzol-LS and precipitation with ethanol. The DNasetreated total RNA, 0.25 or 0.5 μg from liver or 1.0 μg from other tissues, was used as the template to perform RT-PCR using the Titan One Tube RT-PCR system (Roche) using lacZ primers 5′-TACTGTCGTCGTCCCCT-CAA-3′ and 5′-ATAACTGCCGTACTCCAAC-3′, predicted to amplify a 345-base portion of the lacZ CDS. The PCR amplification was performed using an RT step at 50°C for 30 minutes, followed by denaturation at 94°C for 3 minutes and 35 cycles of 94°C, 45 seconds; 55°C, 30 seconds; 68°C, 45 seconds, with a final extension at 68°C for 7 minutes. PCR and RT-PCR reaction products were separated on 1.2% Agarose 1000 (Invitrogen) gels and the DNA visualized using ethidium bromide staining and UV light.
Phenotypic characterization of hemophilia A mice treated with HA-LSEC-targeted pT2/CAGGS-BΔcFVIII//IFSB10. Male exon 16-knockout hemophilia A mice (79) were administered 25 μg of the HA-encapsulated pT2/CAGGSBΔcFVIII//IFSB10 or an equivalent volume of HA-sugar capsules in a volume of 50 μl. Mice were bled retro-orbitally 1, 5, 12, 16, 19, and 50 weeks after treatment using a 10% volume of 0.1 M sodium citrate as an anticoagulant and mixed immediately after collection. After centrifugation at 1,000 g for 10 minutes at room temperature, the plasma was flash frozen in 50-μl aliquots in liquid nitrogen prior to storage at -80°C. Functional FVIII activity was determined by aPTT according to the manufacturer's instructions (Diagnostica Stago). Briefly, 40 μl of a 1:1 dilution of aPTT reagent (bioMérieux) was added to a 40-μl aliquot of 3-fold-diluted plasma and incubated at 37°C for 5 minutes. Clotting was initiated by the addi-tion of 25 mM calcium chloride, with coagulation times measured using an ST4 coagulometer (Diagnostica Stago). All samples were studied in duplicate, and means were calculated. Internal standards were established using pooled plasma isolated from wild-type mice.
FVIII activity was also determined using the end-point method of the photometric COAMATIC Factor VIII kit (Chromogenix). Reference plasma was isolated from both wild-type C57BL/6 and knockout hemophilia mice via cardiac puncture and stored at -80°C. High-range dilutions of the reference plasma were made with the manufacturer's buffer at 1:56, 1:80, 1:160, and 1:320. Plasma samples from treated and control hemophilia A mice and wild-type controls were thawed at 25°C and diluted 1:100 in the buffer provided. The samples and reference plasmas (50 μl) were incubated at 37°C for 4 minutes and the assay performed as specified by the manufacturer. The OD was read at 405 nm and analyzed using SOFTmax PRO (Molecular Dynamics, Beckman Coulter).
Tail-clip bleeding time assays were performed as described previously (31), with the following modifications. The prewarmed tails (2 minutes at 37°C) were cut at diameters of 2.5 mm and immersed in 13 ml of prewarmed saline. Tails were left immersed for 10 minutes, then removed, and direct pressure was applied for 2 minutes to promote hemostasis. After 1 hour, any tails showing incomplete hemostasis were cauterized. Red blood cells were collected by centrifugation of the saline samples at 520 g for 10 minutes at 4°C. Following removal of the saline, the pellets were lysed in 6 ml lysis buffer (10 mM KHPO4, 150 mM NH4Cl, 1 mM EDTA) for 10 minutes at room temperature. The samples were centrifuged to remove cell debris, and the supernatants diluted 20-fold in lysis buffer and checked for absorbance at 575 nm. The untreated hemophilia A controls were littermates of the treated animals, and the wild-type controls were age-matched C57BL/6 mice.
For modified Bethesda assays, the plasma samples (50 μl) from each of the groups was mixed with 50 μl normal canine plasma at room temperature. Samples were vortexed and divided into two, and one half was assayed immediately, while the other was incubated at 37°C for 2 hours prior to analysis. Forty microliters of mouse plasma:normal canine plasma mixed sample was added to 40 μl aPTT reagent (bioMérieux) and incubated at 37°C for 5 minutes. Clotting was initiated by the addition of 25 mM calcium chloride and coagulation times measured with an ST4 coagulometer (Diagnostica Stago). A positive control assay with a known FVIII inhibitor resulted in 276.9 Bethesda units.
PCR analysis of genotype and SB-mediated CAGGS-BΔcFVIII Tn insertion sites. Liver genomic DNA was purified using the DNeasy Tissue Kit from QIAGEN according to the manufacturer's recommendation, and 0.25 μg was used as template for PCR amplification of exon 16 spanning the neomycin insertion site into the exon 16-deleted FVIII gene (79) . The forward primer, 5′-TCA-AAGTGGGGTCTTCCATCTG-3′, is specific for the inserted neomycin gene, while the reverse primer, 5′-TGAGGAGAGAACTGGCTGAGTGAC-3′, is located in exon 17, and the predicted product was 588 bp. The wild-type gene was amplified using the primer pair 5′-TGCAAGGCCTGGGCTTATTT-3′ and 5′-GAGCAAATTCCTGTACTGAC-3′, with a predicted 680-bp PCR product. Reactions were performed using Expand High Fidelity polymerase, with dNTP and enzyme concentrations recommended by the manufacturer. For PCR of the neomycin insertion site, after 3 minutes denaturation at 94°C, the DNA was amplified for 35 cycles of 94°C for 45 seconds; 56°C for 20 seconds; 72°C for 45 seconds, with a final extension for 7 minutes at 72°C. For the wild-type FVIII gene, amplification conditions were identical to those previously described (79) . PCR products were analyzed on a 1% agarose gel, followed by ethidium bromide staining, and visualized using UV light.
Genomic DNA (2 μg) purified from the livers of treated hemophilia A or wild-type control mice was digested using either XhoI or NcoI in a final volume of 200 μl, at 37°C overnight. The products were purified using QIAquick PCR Purification Kit from QIAGEN, as specified by the manufacturer. The DNA was eluted into 50 μl buffer and 2 μg ligated using 2,400 U of T4 DNA ligase (Promega) in 400 μl of 1× T4 ligase buffer overnight at 16°C. The ligation products were purified using the QIAquick PCR Purification Kit, and the DNA was eluted in 30 μl buffer. Using 10 μl of the eluted DNA as template, the first inverted PCR amplification was performed in 100-μl reaction volume by using Expand High Fidelity polymerase with the dNTP and enzyme concentrations recommended by the manufacturer. After 3 minutes denaturation at 94°C, the DNA was amplified for 21 cycles of 94°C for 30 seconds; 58°C for 30 seconds; 68°C for 4 minutes, with a final extension for 7 minutes at 68°C. After cleanup with the QIAquick PCR Purification Kit, 15 μl of the eluted DNA served as template for a second PCR reaction using the appropriate nested primer pairs in 100 μl, under standard conditions for Expand High Fidelity polymerase. After the 3 minutes denaturation, PCR was performed for 40 cycles using the same cycle parameters. The products from the PCR reactions were separated on 1.0% agarose gel, stained with ethidium bromide, and visualized by UV light. The relevant DNA fragments were excised from the gel, purified using the QIAGEN Gel Isolation Kit according to the manufacturer's protocol, and sequenced using the nested primers.
Statistics. Statistical analysis was performed using GraphPad InStat version 3.5 for OS X (GraphPad Software) for the ANOVA and Tukey-Kramer multiple comparisons tests. P values less than 0.05 were considered significant.
